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Abstract
In D. melanogaster the binary switch gene Sex-lethal (Sxl) plays a pivotal role in somatic sex
determination -- when the Sxl gene is on the female pathway is followed, while the male pathway is
followed when the gene is off. In the present study we have asked whether the Sxl gene is present in
other species of the genus Drosophila and whether it is subject to a similar sex-specific on-off
regulation. Sxl proteins were found in all of the drosophilids examined, and they display a sex-specific
pattern of expression. Furthermore, characterization of the Sxl gene in the distant drosophilan relative,
D. virilis, reveals that the structure and sequence organization of the gene has been well conserved and
that, like melanogaster, alternative RNA processing is responsible for its sex-specific expression. Hence,
this posttranscriptional on-off regulatory mechanism probably existed before the separation of the
drosophilan and sophophoran subgenera and it seems likely that Sxl functions as a sex determination
switch gene in most species in the Drosophila genus. Although alternative splicing appears to be
responsible for the on-off regulation of the Sxl gene in D. virilis, this species is unusual in that Sxl
proteins are present not only in females but also in males. The D. virilis female and male proteins appear
to be identical over most of the length except for the amino-terminal approx. 25 aa which are encoded
by the differentially spliced exons. In transcriptionally active polytene chromosomes, the male and
female proteins bind to the same cytogenetic loci, including the sites corresponding to the D. virilis Sxl
and tra genes. Hence, though the male proteins are able to interact with appropriate target pre-mRNAs,
they are apparently incapable of altering the splicing pattern of these pre-mRNAs.
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plays a pivotal role in somatic sex determination – when
the Sxl gene is on the female pathway is followed, while the
male pathway is followed when the gene is off. In the
present study we have asked whether the Sxl gene is
present in other species of the genus Drosophila and
whether it is subject to a similar sex-specific on-off regula-
tion. Sxl proteins were found in all of the drosophilids
examined, and they display a sex-specific pattern of
expression. Furthermore, characterization of the Sxl gene
in the distant drosophilan relative, D. virilis, reveals that
the structure and sequence organization of the gene has
been well conserved and that, like melanogaster, alterna-
tive RNA processing is responsible for its sex-specific
expression. Hence, this posttranscriptional on-off regula-
tory mechanism probably existed before the separation of
the drosophilan and sophophoran subgenera and it seems
likely that Sxl functions as a sex determination switch gene
in most species in the Drosophila genus. Although alterna-
tive splicing appears to be responsible for the on-off regu-
lation of the Sxl gene in D. virilis, this species is unusual in
that Sxl proteins are present not only in females but also in
males. The D. virilis female and male proteins appear to be
identical over most of their length except for the amino-
terminal approx. 25 aa which are encoded by the differen-
tially spliced exons. In transcriptionally active polytene
chromosomes, the male and female proteins bind to the
same cytogenetic loci, including the sites corresponding to
the D. virilis Sxl and tra genes. Hence, though the male
proteins are able to interact with appropriate target pre-
mRNAs, they are apparently incapable of altering the
splicing pattern of these pre-mRNAs. 
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SUMMARYINTRODUCTION
In Drosophila melanogaster the choice of sexual identity in the
soma is governed by the ratio of X chromosomes to autosomes
(A). When the ratio is 1 (2X/2A), the female pathway is
selected, while the male pathway is selected when the ratio is
0.5 (1X/2A). The system which assesses the X/A ratio functions
only transiently during early embryogenesis and is responsible
for setting the activity state of the binary switch gene Sex-lethal.
(Sanchez and Nöthiger, 1983; Cline, 1986; Cline, 1988). The
Sxl gene is turned on in female (2X /2A) embryos while it
remains off in male (1X/2A) embryos. Once activated in 2X/2A
animals, the autoregulatory activity of the Sxl gene products are
responsible for maintaining female sexual identity during the
remainder of the life cycle (Cline, 1984; Bell et al., 1991). In
addition to providing a mechanism for remembering the female
determined state, Sxl also regulates the expression of several
gene cascades that control different aspects of sexual develop-
ment (Cline, 1983; Baker, 1989; Parkhurst and Meneely, 1994).
These gene cascades include the transformer (tra)jdoublesex
(dsx) sexual differentiation pathway (Boggs et al., 1987; Burtis
and Baker, 1989), and the dosage compensation system whichis responsible for hyperactivating the level of X-chromosomal
gene expression in male (1X/2A) animals (Kelly et al., 1995;
Zhou et al, 1995). Sxl turns on the trajdsx pathway by posi-
tively regulating tra. Sxl has the opposite effect on the dosage
compensation system, turning it off by negatively regulating the
male-specific lethal-2 (msl-2) gene (Cline, 1979; Lucchesi and
Skripsky, 198l; Kelley et al 1995; Zhou et al 1995). In 1X/2A
animals where the Sxl gene is off, the downstream gene
cascades are expressed in the default male pattern. 
The X:A signaling system selects the male or female pathway
by controlling the transcriptional activity of a special Sxl
promoter, Sxl-Pe (Keyes et al., 1992; Estes et al., 1995). Sxl-Pe
is not activated in 1X:2A animals and the Sxl gene is set in the
off state. In contrast, Sxl-Pe is activated in 2X:2A animals and
the proteins expressed from the Sxl-Pe transcripts then function
to set the Sxl gene in the on state by setting the Sxl autoregula-
tory feedback loop in motion. This feedback loop operates at the
level of RNA processing, and involves the sex-specific splicing
of transcripts expressed from the late or maintenance promoter
Sxl-Pm (Bell et al., 1991). In males, where the Sxl gene is off,
Sxl-Pm transcripts are spliced in the default pattern to include the
3rd exon (see Fig. 1; Salz et al., 1989; Samuels et al., 1991). This
972 D. Bopp and othersmale-specific 3rd exon contains in-frame stop codons which pre-
maturely truncate an open reading frame that begins at an AUG
codon just upstream in exon 2. Consequently, the male mRNAs
are predicted to encode only short non-functional polypeptides
(Bell et al., 1988). In females, Sxl protein alters the processing
of the Sxl-Pm transcripts so that exon L2 is joined directly to exon
L4, skipping the male exon L3 (see Fig. 1). This generates an
intact open reading frame that is predicted to encode protein
species of approx. 36-38· 103 Mr. These proteins contain two
approx. 90 aa domains which show extensive homology to the
RRM family of RNA binding proteins (Bell et al., 1988). 
Studies on the processing of both Sxl and tra transcripts
indicate that the Sxl proteins positively regulate these genes by
binding to the pre-mRNAs and altering the splicing pattern. In
the case of tra, the use of the default 3¢ splice site in the second
tra exon introduces an in-frame stop codon which prematurely
truncate an open reading that begins in the first exon. The uti-
lization of the default 3¢ splice site is blocked by the binding
of Sxl protein to a poly(U) run in the polypyrimidine tract of
this splice site (Sosnowski et al, 1989; Inoue et al., 1990;
Valcárcel et al. 1993). As a consequence, the splicing
machinery utilizes a female 3¢ splice site located downstream
of the stop codon, and this generates female tra mRNAs which
have an intact open reading frame. 
Although a blockage mechanism is also used in Sxl auto-
regulation, the critical targets for Sxl protein binding are distant
from the 3¢ and 5¢ splice site of the male exon. As is found for
tra, the polypyrimidine tract at the 3¢ splice site of the Sxl male-
specific exon (L3) consists of a long poly(U) run (Bell et al.,
1988); however in contrast to tra, this particular poly(U) run
appears to be dispensable for Sxl autoregulation (Sakamoto et
al., 1992; Horabin and Schedl, 1993b). Instead, the most
important poly(U) runs are located some 200 bp downstream of
the male exon 5¢ splice site in the intron between the male exon
(L3) and exon L4. Deletion of these distant Sxl binding sites
almost completely abolishes Sxl regulation. In addition to these
downstream poly(U) runs, there are several poly(U) runs
approx. 200 bp upstream of the male exon 3¢ splice site; these
Sxl binding sites also appear to play an important, though less
critical role in regulation (Horabin and Schedl, 1993b). 
While the mechanisms governing sex determination in D.
melanogaster are now reasonably well understood, little is known
about the sex determination system in other drosophilids. The aim
of this paper is to ascertain whether other species from the genus
Drosophila use a sex determination system like that in D.
melanogaster. Given the central role of the Sxl gene in the D.
melanogaster somatic sex development pathway, we searched for
structurally related gene products in several different species and
tested whether the corresponding gene has some of the proper-
ties expected for a sex-determining binary switch. Our results
suggest that Sxl is part of an ancient sex determining mechanism
which must have existed since the separation of the two drosophi-
lan and sophophoran subgenera, an estimated 60 million years
ago. Moreover, our studies have uncovered some rather unusual
features of the Sxl gene in the virilis radiation.
MATERIALS AND METHODS
Isolation and characterization of D. virilis phage
recombinants
A genomic D. virilis l phage library (a gift from Stella Han) wasscreened under low stringency conditions with a D. melanogaster
male Sxl cDNA (Bell et al., 1988). Three overlapping phage were
recovered, and these were characterized by restriction mapping and
Southern blotting using standard procedures (Sambrook et al., 1989).
Fragments from these genomic phage recombinants were subcloned
into the Bluescript vector (Strategene) for more detailed analysis. The
sequence of restriction fragments containing exons L2, L3 and L4 and
their splice junctions was determined, and a portion of this sequence
data is included here in Fig. 5 and Fig. 6. Fig. 7 summarizes sequence
data from a restriction fragment spanning the D. virilis male exon.
Analysis of Sxl RNAs in D. virilis
Poly(A)+ RNA was prepared from adult D. virilis males and females
according to the procedures described by Salz et al., (1989). The con-
ditions for RT-PCR were as previously described (Bell et al., 1991;
Horabin and Schedl, 1993b). Several different primers were used. For
the first set of experiments RT and PCR primers complementary to D.
melanogaster Sxl exon sequences were used. Once the genomic
sequence of the appropriate D.virilis exons had been determined,
primers matching the virilis exon sequences were designed. Both sets
of primers gave the same pattern of male- and female-specific RT-PCR
products (see Fig. 4B). This was confirmed by sequence analysis of
the male- and female-specific cDNAs generated with each primer set. 
Primers 
Set I: RT: I-25 5¢ TGCGGCGGCCATATGTGC 3¢
PCR: L-2A-1 5¢ GTGGTTATCCCCCATATGGC 3¢
L-7T41-3 5¢ CGTGTCCAGCTGATCGTC 3¢
Set II: RT: VT41RT 5¢ ATGTTGCCGCCAAGGGAATT3¢
PCR: L2-p (VTA1ATG) 5¢ GGATCCGAATTCATGTACG-
GCAACAATAATCC 3¢
L4-p (VT6165) 5¢ GGATTCGAATTCATTCCAGATGGCAGT-
GAATG 3 ¢
Immunoblots and whole-mount stainings
These were done as previously described by Bopp et al. (1991) and
Samuels et al. (1994).
RESULTS
Sxl-like proteins are sex-specifically expressed in
various Drosophilids
The original hybridoma lines raised against Sxl protein
expressed in bacteria produced several monospecific antibodies
that recognize epitopes within the first and second RRM
domains of the Sxl proteins (Bopp et al., 1991, and unpublished
data). We used this collection of monoclonal antibodies to
determine whether Sxl-like proteins are present in other species
of the genus Drosophila (Fig. 2A). As a control we also included
extracts prepared from melanogaster males and females. As
shown in Fig. 2B, two major Sxl isoforms of 36· 103 Mr and
38· 103 Mr can be detected in melanogaster females, and these
arise from the use of two alternative splice sites in exon 5
(Samuels et al., 199l). As expected from the in frame stop codons
in the male-specific exon, exon L3 (Fig. 1), neither of these
female Sxl protein species is found in males (see Fig. 2B).
However, extremely low levels of two faster migrating proteins
(33· 103 and 35· 103 Mr) are sometimes observed in extracts of
adult male heads and thoraxes (see Bopp et al., 1991). These
male-specific isoforms appear to arise by a leaky scanning
mechanism in which the translation machinery skips the normal
AUG codon in exon L2 and uses instead one of the two AUG
codons in exon L4, downstream of the stop codons in exon L3
(cf. Fig. 5). Since the Sxl gene can be completely deleted in
males without any phenotypic consequences (Salz et al., 1987)
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essential function. They also do not appear to affect the splicing
of Sxl or tra pre-mRNAs (either because of their low abundance
or because they lack amino acid residues critical for function;
see Bopp et al., 1991).
In all Drosophila species examined, our anti-Sxl monoclonal
antibodies detected proteins that migrate within the same size
range as the two most prominent Sxl protein isoforms of D.
melanogaster (Fig. 2B). Females of D. simulans, a member of
the melanogaster radiation, express two equally abundant
antigens of approximately the same size as those in melanogaster
females. Both proteins are absent in western blots of extracts
from adult simulans males. However, in some blots we detect
very low levels of two faster migrating proteins, and these faster
migrating species correspond in size to the two proteins that can
be detected in melanogaster males (Bopp et al., 1991). As in
melanogaster, the expression of Sxl protein in simulans begins
at the blastoderm stage and is limited to only half of the embryo
population (data not shown). By inference from melanogaster
(Bopp et al., 1991), we presume that the embryos expressing Sxl
protein are female while the non-expressing embryos
represent the males. 
In the more distantly related sophophoran species,
D. pseudoobscura, only one major protein species of
about 37· 103 Mr is detected in extracts of adult
females, while no cross-reacting proteins are observed
in the corresponding male extracts (Fig. 2B). A
similar pattern is also seen in the drosophilan species,
D. robusta. The robusta protein has a slightly higher
mobility than the pseudoobscura protein, similar to
that of the abundant 36· 103 Mr species in
melanogaster. An additional faint cross-reacting band
is also detected and it presumably corresponds to the
larger 38· 103 Mr species in melanogaster. Like
melanogaster, expression of these Sxl-like proteins is
sex specific and no cross-reacting antigens are
detected in the corresponding robusta male extracts. 
The pattern of Sxl protein expression for Drosophila
species in the virilis radiation, D. virilis, D. americana,
D. flavomontana and D. borealis, is different from that
of the other Drosophilids we examined. All these
virilis radiation species are unusual in that they have
abundant Sxl-like proteins not only in females but also
in males. The major female-specific Sxl protein in
these species is about 36· 103 Mr (Fig. 2B), approxi-
mately the size of the small D. melanogaster Sxl
isoform. A second, less abundant Sxl protein of about
38· 103 Mr can also be detected in virilis and
americana females. Males from the different species
in the virilis radiation also express a quite prominent
Sxl-like protein. In each species, the male-specific Sxl
protein is 1-2· 103 Mr smaller than the major female
protein and has an electrophoretic mobility of about
35· 103 Mr (Fig. 2B). In studies on D. virilis, we also
found that the expression of the female- and male-
specific Sxl proteins is not restricted to the adult stage.
The same protein species are detected in extracts from
female and male third instar larvae and from pupae. In
addition, both the female and male proteins can be
detected in western blots of embryonic extracts (data
not shown, but see below).
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melanogExpression of Sxl proteins in D. virilis embryos
We next used whole-mount staining to examine the pattern of
accumulation of the Sxl-like proteins in D. virilis embryos. Sxl
antibody staining can first be detected in virilis embryos just
before cellular blastoderm formation. At this stage only half
the embryos express antigens that cross-react with our Sxl
monoclonal antibodies. As can be seen in Fig. 3A, these
embryos have high levels of staining in all somatic cells, while
the pole cells are unstained. The pole cells remain unstained at
least until the time they invaginate into the underlying
mesoderm and can no longer be detected in whole-mount
embryos. This pattern of expression is identical to that
observed in female melanogaster blastoderm embryos (Bopp
et al., 1991), and we presume that these are female embryos.
As in melanogaster, the other half of the virilis embryos are
unstained at the blastoderm stage, and these embryos presum-
ably corresponds to male animals. 
Older embryos also fell into two groups. In the first group
uniformly high levels of Sxl antibody staining are observed in
all germ layers of the embryos (see Fig. 3B). Embryos in the
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Fig. 2. Sxl related proteins are sex-specifically expressed in various
species of the genus Drosophila. (A) A partial phylogenetic tree
showing the relationships between the Drosophila species examined.
(B) Immunoblots (see Bopp et al., l99l) containing equivalent
amount of protein extracts from adult males and females were
probed with a monospecific antibody (mSXL18) against the full-
length Sxl gene products in D. melanogaster (mel, melanogaster;
sim, simulans; p.obs, pseudoobscura; vir, virilis; ame, americana;
fla, flavomontana; bor, borealis; rob, robusta). Cross-reacting bands
were only detected in the same size range as the Sxl proteins in D.
melanogaster and only this part of the immunoblot is shown.second group begin to express low levels of Sxl antigens during
the first morphogenetic movements. This relatively low level of
ubiquitous expression is then maintained in most somatic tissues
through the remainder of embryonic development (Fig. 3C,D).
The exception is the neuroectoderm where quite strong Sxl
antibody staining is observed. The preferential accumulation of
Sxl antigens in the neuroectoderm begins during germ band
elongation (arrows in Fig. 3C) and it persists in the CNS through
the rest of embryonic development (Fig. 3D). It seems likely that
the embryos showing uniformly high levels of Sxl staining in all
somatic cells correspond to female animals, while the embryos
displaying the strong CNS accumulation correspond to males. 
The Sxl-like proteins in both the presumptive female and
male embryos are localized in nuclei, and display a punctate
intranuclear distribution similar to that described for
melanogaster (Bopp et al., 1991). This nuclear localization is
also seen in larval and adult tissues in both males and females
(see below and data not shown).
Isolation and analysis of genomic Sxl sequences in
D. virilis
The presence of substantial levels of both female- and male-
specific Sxl related proteins in the virilis radiation prompted us
to isolate and begin characterizing the Sxl gene from virilis. A
D. virilis genomic phage library was screened under low strin-
gency conditions using a melanogaster male cDNA (Bell et al.,
1988) as a probe. Several overlapping phage recombinants
were recovered. The genomic sequence organization of thevirilis Sxl gene deduced from Southern analysis of these phage
and various subcloned fragments using genomic and cDNA
probes derived from melanogaster is summarized in Fig. 1. 
Like D. melanogaster, the D. virilis Sxl gene spans a DNA
segment of over 20 kb. Sequences homologous to the D.
melanogaster Sxl gene can be detected throughout this DNA
segment, and they appear to be arranged in the same relative
order in the virilis gene as they are in the melanogaster gene.
For the most part, the homologies detected by cross-hybridiz-
ation appear to correspond to exon sequences (and for con-
venience the names of the melanogaster exons will be used
here for virilis). These homologous sequences include exons
L5-L8 which encode the two Sxl RRM domains in
melanogaster. In addition to the exons, there are sequences in
the virilis gene upstream of L2 (see Fig. 1) that cross-hybridize
to melanogaster fragments derived from the embryonic
promoter, Sxl-Pe. This would suggest that virilis Sxl gene is
likely to have an ‘Sxl-Pe’ promoter which is capable of
responding to an X:A signaling system much like that found
in melanogaster. This possibility would be consistent with
studies done more than 50 years ago which suggested that the
primary signal for sex determination in virilis is the X/A ratio
(Stone, 1942; Lebedeff, 1938). 
Although these experiments indicate that much of the Sxl
gene is conserved between these two species, there was a
notable exception. Neither the melanogaster male exon (L3)
nor the surrounding intron sequences hybridized to virilis
restriction fragments from the DNA segment in between exons
L2 and L4 (see Fig. 1). Nor could we detect cross-hybridiz-
ation to sequences elsewhere in the virilis genomic clones. 
Sex-specific poly(A)+ Sxl RNAs 
The alternate splicing and polyadenylation of transcripts
expressed from the D. melanogaster late Sxl promoter, Sxl-Pm,
generates multiple Sxl mRNA species. Most of these alterna-
tive processing events are not sex specific, and in both males
and females three major bands are observed in northern blots
of poly(A)+ RNA. However, each of the male bands is about
200 bp larger than the corresponding female band because the
male RNAs always include an additional exon, the male
specific exon L3. As illustrated in the northern blot shown in
Fig. 4A, sex-specific differences in size of the Sxl mRNAs are
also evident in virilis. In adult virilis females we find three
prominent bands, one of about 2 kb and two closely spaced
bands around 3.5 kb. While a similar RNA profile is observed
in adult virilis males, each of the male bands is displaced
slightly upward relative to the corresponding female band. 
RT-PCR analysis of Sxl mRNAs from D. virilis
females and males 
The larger size of the D. virilis male mRNAs strongly suggests
that they contain an additional male-specific exon. Although
we detected no sequences in the virilis gene which hybridized
to the melanogaster male exon or flanking introns, we thought
that the virilis male-specific exon might nevertheless be located
in between exons L2 and L4. The only apparent purpose of the
protein coding sequences in the D. melanogaster male exon is
to provide a set of stop codons for an open-reading frame that
begins in exon 2. Hence, there might be little selective pressure
on the peptides encoded by the male exon other than the
retention of in frame stop codons and the male exons of the
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ficient similarity for significant cross-hybridization. 
We used RT-PCR to generate Sxl cDNAs from virilis
females and males which span exons L2 to L4. As would be
expected if the virilis male exon is located between exons L2
and L4, the cDNAs generated from male RNA are about 200
nucleotides larger than the female cDNAs (Fig. 4B). This dif-
ference in length would account for the difference in the
mobility of male and female virilis Sxl RNAs observed in
northern blots. As in melanogaster, all virilis male cDNAs
appear to include this additional exon, while it appears to be
excluded from female cDNAs. This finding argues that the sex-
specific splicing of the virilis male exon occurs with high
fidelity even though Sxl-like proteins are found in both sexes. 
Sequence analysis of the D. virilis female and male
Sxl cDNAs
The DNA sequences and predicted protein coding properties of
the virilis and melanogaster female and male Sxl mRNAs
extending from within exon L2 through L4 are shown in Fig. 5. 
Female cDNAs 
The homology between the D. virilis and D. melanogaster
exon L2 sequences begins 11 nucleotides 5¢ of the translation
initiation signal. Although the sequence GGAT just 5¢ of the
AUG start codon is completely conserved in the two species,
it is a relatively poor match to the consensus sequence
A/CAAA/C which is thought to
be optimal for efficient transla-
tion initiation in melanogaster
(Cavener, 1987). In
melanogaster, the L2 open
reading frame extends from the
AUG codon to the L2-L4 splice
junction and encodes the 26 N-
terminal amino acids of Sxl
protein. With a few exceptions,
the L2 DNA and protein
sequences in this stretch are
identical between the two
species. The exceptions are
several silent third position
nucleotide changes, and the
deletion of one amino acid close
to the splice junction. Similar
silent third position nucleotide
substitutions are also evident in
exon L4. There is also one
nucleotide substitution that
alters the 4th L4 codon in virilis
from glycine to valine. Other
than these substitutions, the
nucleotide sequence and coding
properties of L4 are identical in
the two species. 
Male cDNAs
As anticipated, the virilis male
cDNAs have a structure similar
to that of the melanogaster male
Sxl transcripts. Located in
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germband extension and then pebetween exons L2 and L4 are exon sequences which are not
present in the virilis female cDNAs. There are two different
versions of the male transcripts in virilis. These variants, type
1 and type 2, are identical over their entire length except at the
L2:L3 splice junction where alternative male exon 3¢ splice
sites are used. In type 1, a proximal male exon 3¢ splice site is
joined to exon L2, while in type 2, a male exon 3¢ splice site
19 nt more distal is joined to L2. It is interesting to note that
this same feature is conserved in the splicing of the male exon
in the distantly related melanogaster. However, in
melanogaster the alternative 3¢ splice sites are separated by 18
nucleotides instead of 19. The male exon sequences in the
virilis type 1 and type 2 variants are also slightly longer than
their melanogaster counterparts. The two virilis variants are
242 bp and 223 bp, respectively, while the melanogaster
variants are 190 bp and 172 bp.
Critical to the on/off regulation of the Sxl gene in
melanogaster is the interruption of the L2 open reading frame
by translation stop signals in the male exon. The melanogaster
male exons have in frame stop codons which are located either
22 (for Type 1) or 16 codons (for type 2) downstream of the
L2:L3 junction. As a consequence, the male mRNAs are
expected to encode only truncated polypeptides of 48 aa or 42
aa. Precisely this same regulatory feature is conserved in both
of the virilis male exon variants. In the type 1 variant, there is
an in frame UGA codon 44 codons beyond the L2:L3 junction.
This stop codon is followed by two additional in frame stop
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Fig. 4. Sex-specific processing of mRNAs from the Sxl gene of D.
virilis. (A) Northern blot of Sxl mRNAs in D. virilis males and
females. Poly(A)+ RNA prepared from adult D. virilis males and
females was fractionated on an agarose-formaldehyde gel and blotted
to nitrocellulose filters (see Samuels et al., l991). The filters were
probed with the D. melanogaster Sxl cDNA cF1. (B) RT-PCR of Sxl
mRNAs from D. virilis males and females. Poly(A)+ RNA from D.
virilis males and females was first reverse transcribed using one of
several different primers complementary to sequences in an exon
downstream of the male exon (see Materials and Methods). In the
experiment shown here the RT primer (VT41RT) was from exon L5.
The RT product was then PCR amplified using primers
complementary to sequences in exons L2 and L4 (see Materials and
Methods). In the experiment shown here the PCR primers were L2-p
(VTA1ATG) and L4-p (VT6165). The PCR products were resolved
on agarose gels and visualized either by ethidium bromide staining
or by Southern blotting to nitrocellulose filters and probing the filters
with the D. melanogaster Sxl cDNA cF1.codons; a UAA stop signal 13 codons downstream and a UGA
stop signal 8 codons farther. In the type 2 variant, translation
into the male exon is shifted to a different frame by the L2:L3
splice, and a UAG stop signal is encountered 24 codons beyond
the splice junction. Like the type I variant, the first stop signal
in the type 2 reading frame is followed by several additional
stop codons further downstream. 
While both of the virilis male exon variants truncate the L2
open reading frame, the sequence and length of the polypep-
tides they encode are completely different. This is because of
the frame shift introduced by the 19 nt spacing between the
proximal and distal male exon 3¢ splice sites. The protein
coding properties of the virilis male exon variants are not only
different from each other, they also show little apparent simi-
larity to the polypeptide sequence encoded by the
melanogaster male exon variants. A lack of conservation is
also apparent from a comparison of the nucleotide sequence of
the virilis and melanogaster male exons. With the exception of
sequences close to the splice junctions (see below), there is
little sequence similarity between the male exons in these two
species. This would explain our failure to detect virilis male
exon by Southern blot hybridization. 
The D. virilis male exon has another feature which distin-
guishes it from the D. melanogaster male exon. As indicatedin Fig. 5, there is an AUG codon 32 nucleotides upstream of
the L3:L4 splice junction. This AUG codon initiates an open
reading frame that extends, without interruption, across the
L3:L4 splice into the open reading frame in L4 that is used in
the translation of the D.virilis female Sxl mRNAs (see Fig. 5).
The presence of this in frame start codon in the male exon
would account for the 35· 103 Mr Sxl protein observed in
extracts of D. virilis males. First, translation initiation at this
male-specific AUG would be expected to give Sxl protein
species that, with the exception of their very amino terminal
sequences, are identical to the female proteins and include the
two RRM domains. The first 25 amino acids of the female open
reading frame would be substituted by a stretch of 11 residues
encoded by the male-specific exon (see Fig. 5). This male N
terminus would differ from the female N terminus in that it has
an unusually high content of basic residues (6 out of 11). Male
proteins initiated from this AUG would also be 14 amino acids
shorter than the female protein. This would correspond to a
molecular mass difference of 1.5· 103, close to the 1-2· 103 dif-
ference estimated from the mobility of the male and female
virilis Sxl proteins in western blots. Second, this male-specific
AUG codon is preceded by the sequence CAAA. This
sequence is a much better match to the (melanogaster) trans-
lation initiation consensus, A/CAAA/C (Cavener, 1987), than
the sequence (GGAT) just 5¢ to the normal start codon in L2. 
Sequences at the junctions of the regulated splice
sites in the D. virilis Sxl gene
The results described in the previous sections indicate that like
D. melanogaster, the D. virilis Sxl transcripts are subject to sex-
specific alternative splicing. Studies on the melanogaster Sxl
gene have suggested that a number of factors may be important
in achieving a high degree of fidelity in splicing regulation. One
of these is the use of sub-optimal splice sites. The sequences of
the regulated splice sites deviate from consensus (Bell et al.,
1988) and at least for the male exon splice sites, it has been
shown that they function very poorly when placed in a hetero-
logous context (Horabin and Schedl, 1993a). Another important
factor is the presence of multiple Sxl target sequences in the
introns upstream and downstream of the male exon. To a first
approximation, these targets appear to have additive effects on
the fidelity of autoregulation. An obvious question is whether
these or other features are conserved in the virilis gene. 
To address this question we sequenced regions of the D.
virilis Sxl gene containing the regulated splices and then
compared these sequences with the equivalent regions of the
D. melanogaster gene. The most pertinent results from this
analysis are presented in Figs 6 and 7. 
The L2 5¢ splice site
The 5¢ splice site of exon L2 in the melanogaster Sxl gene
differs from consensus in that the highly conserved G residue
at position +5 in the intron is replaced by an A residue (Bell
et al., 1988). As indicated in Fig. 6, the sequence at the 5¢ splice
site of exon L2 in virilis is identical to that in melanogaster,
and this identity extends for an additional 3 nt into the intron. 
The L4 3¢ splice site
In melanogaster, a much longer than normal distance separates
the polypyrimidine tract from the AG dinucleotide at the 3¢
splice site of exon L4. This deviation from consensus is
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Female cDNA
CONSENSUS     C C
AAAATG
M  Y  G  N  N  N  P  G  S  N  N  N  N  G  G  Y  
D.virilis  atactcgtgcacacacACTCTCAGGATATGTACGGCAACAATAATCCGGGTAGTAACAATAATAAcGGTGGTTAT
D.mel      gaaaaacacactcccaACTCTCAGGATATGTACGGCAACAATAATCCGGGTAGTAACAATAATAAtGGTGGTTAT
M  Y  G  N  N  N  P  G  S  N  N  N  N  G  G  Y 
L2 | L4 L4
P  P  Y  G  Y     N  K  S  S   G  G  R  V  F  G  M  S  H  S  L  P  S  G  M
CCCCCATAcGGtTAC...AACAAGTCGAG|cGGTGGGCGTGtATTTGGCATGTCaCATTCaCTGCCATCtGGAATG|
CCCCCATAtGGcTACaacAACAAGTCGAG|tGGTGGGCGTGgATTTGGGATGTCcCATTCtCTGCCATCcGGAATG|
P  P  Y  G  Y  N  N  K  S  S   G  G  R  G  F  G  M  S  H  S  L  P  S  G  M 
Male cDNA: Type I
CONSENSUS C C
AAAATG
M  Y  G  N  N  N  P  G  S  N  N  N  N  G  G  Y  
D.virilis  atactcgtgcacacacACTCTCAGGATATGTACGGCAACAATAATCCGGGTAGTAACAATAATAAcGGTGGTTAT
D.mel      gaaaaacacactcccaACTCTCAGGATATGTACGGCAACAATAATCCGGGTAGTAACAATAATAAtGGTGGTTAT
M  Y  G  N  N  N  P  G  S  N  N  N  N  G  G  Y
L2 | L3
P  P  Y  G  Y     N  K  S  R   H  D  L  F  S  Q  Q  Q  P  S  S  I  F  K  R  
CCCCCATAcGGtTAC...AACAAGTCGAG|ACATgaTcTcTTTtcacagCaacagccAAGCAGCattttcaagcga
CCCCCATAtGGcTACAACAACAAGTCGAG|ACATatTtTtTTTcacagcCcagaaagAAGCAGCcaccattatcac
P  P  Y  G  Y  N  N  K  S  R   H  I  F  F  H  S  P  E  R  S  S  H  H  Y  H
S  Q  Q  R  K  R  Q  T  Q  T  F  R  L  Y  V  V  W  F  F  S  V  L  I  L  I
tctcaacagcgaaaacgacagacacaaacatttagattgtatgtagtgtggtttttttcggtgcttatacttata
cgaaaagcgaaagacactcactgactcttaagatagtatgtagtttttatttgcacgggggggcaaacgcgccac
R  K  A  K  D  T  H  ***         ***           
I  I  V  ***                                    ***                     ***
attattgtttgacaaacaaaaaaacaacaacaaaaaaaaaagaaaacttaagaaactggtgtgataactctgtga
gtccgccccccatggtctcctcgccaacgaaacgcaatgtttttgaatcgaggacacctcca.............
CONSENSUS    C C
AAAATG L3 | L4
M  F  L  K  R  R  R  R  Q  R  L   G  G  R  V  F  G  M  S  H  S  
agtaccaacaaaatgttccttaaacgaagacgccgtcaacgCCT|cGGTGGGCGTGtATTTGGcATGTCaCATTCa
.....................................aagcCCT|tGGTGGGCGTGgATTTGGgATGTCcCATTCt
M
L4
L  P  S  G  M  
CTGCCATCtGGAATG|         
CTGCCATCcGGAATG|
M
Male cDNA: Type II
CONSENSUS      C C
AAAATG
M  Y  G  N  N  N  P  G  S  N  N  N  N  G  G  Y  
D.virilis  atactcgtgcacacacACTCTCAGGATATGTACGGCAACAATAATCCGGGTAGTAACAATAATAAcGGTGGTTAT
D.mel      gaaaaacacactcccaACTCTCAGGATATGTACGGCAACAATAATCCGGGTAGTAACAATAATAAtGGTGGTTAT
M  Y  G  N  N  N  P  G  S  N  N  N  N  G  G  Y
L2 | L3
P  P  Y  G  Y     N  K  S  S   N  S  Q  A  A  F  S  S  D  L  N  S  E  N  D   
CCCCCATAcGGtTAC...AACAAGTCGAG|Caacagccaagcagcattttcaagcgatctcaacagcgaaaacgac
CCCCCATAtGGcTACAACAACAAGTCGAG|Cccagaaagaagcagccaccattatcaccgaaaagcgaaagacact
P  P  Y  G  Y  N  N  K  S  S   P  E  R  S  S  H  H  Y  H  R  K  A  K  D  T  
R  H  K  H  L  D  C  M  ***                           ***   
agacacaaacatttagattgtatgtagtgtggtttttttcggtgcttatacttataattattgtttgacaaacaa
cactgactcttaagatagtatgtagtttttatttgcacgggggggcaaacgcgccacgtccgccccccatggtctc
H  ***         ***           
CONSENSUS    C C
AAAATG
M  F  L  
aaaaacaacaacaaaaaaaaagaaaacttaagaaactggtgtgataactctgtgaagtaccaacaaaatgttcctt
ctcgccaacgaaacgcaatgtttttgaatcgaggacacctcca.................................
L3 | L4 L4 |
K  R  R  R  R  Q  R  L   G  G  R  V  F  G  M  S  H  S  L  P  S  G  M 
aaacgaagacgccgtcaacgCCT|cGGTGGGCGTGtATTTGGCATGTCACATTCACTGCCATCTGGAATG|
................aagcCCT|tGGTGGGCGTGgATTTGGgATGTCcCATTCtCTGCCATCcGGAATG|
M                       M
Fig. 5. Predicted protein coding
properties of Sxl transcripts from D.
virilis females and males. Shown here
are the sequences of a partial D. virilis
female cDNA, and two partial male
cDNAs, a type I and a type II splice
variant. For purposes of comparison,
the figure also shows the equivalent
cDNA sequences from D.
melanogaster. In the alignments
shown here, homologous nucleotides
are in capital letters, while non-
homologous nucleotides are in lower
case letters. Note that for the type I
splice variant the addition of a single
nucleotide gap in the D. melanogaster
male cDNA would bring sequences
just downstream of the L3 splice
junction into register with the D.
virilis male cDNA and increase the
homology in the immediate vicinity of
the splice junction. (This homology is
shown in Fig. 6.) Also shown are the
predicted protein coding properties of
the various Sxl cDNAs. Note that both
the type I and the type II male cDNAs
of D. virilis have AUG codons just
upstream of the L3:L4 splice junction.
This AUG codon is in frame with the
protein coding sequences in L4 (and
in downstream exons). The D.
melanogaster ‘consensus translation
initiation’ sequence is indicated in
bold face above the cDNA sequence.
The AUG codon in L2 is preceded by
a nucleotide sequence that is a poor
match to the consensus while the
AUG codon in the male exon is
preceded by a nucleotide sequence
which is a good match. The sequences
shown were obtained from several
independent cDNAs and were
confirmed by analysis of genomic
DNA. Sequences in L2 upstream of
the translation initiation site are not
contained in our RT-PCR products
and are from the L2 exon in a
genomic clone. The male cDNAs also
differed in the number of A residues
in the long poly(A) run
(CAACAAAAAAAAAGAAAACTT)
downstream of the stop codons. In
some cDNAs this A run was 9
nucleotides, while in others it was 10
or 11. In the genomic sequence it is
12 nucleotides. This length difference
could reflect polymorphisms in the
population, or may be due to an error
in copying the poly(A) run during the
PCR amplification. 
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Exon L2 5´ Splice Site
CC
CONSENSUS             AAAG|GTRAGT         
D. virilis       CAAGTCGAG|GTAAATTTTaActtc
D. mel           CAAGTCGAG|GTAAATTTTtAaact
EXON L4 3´ SPLICE SITE
CONSENSUS          BP CTAAT                                      SJ YnNYAG|
D. virilis     TaaTATGcTAat.AtgcgATATTTTCTtcTCttCAAtcAtcaatcAaacgTTCAatcaACAG|cGGTGGGCGTGtATT  
D. mel         TtcTATGaTAtctAattcATATTTTCTctTCccCAAcgAaatggaAtcgaTTCAtcgtACAG|tGGTGGGCGTGgATT
BP  CTAAT
EXON L3 3´ SPLICE SITE
NYAG|               NYAG|                 
D. virilis     tcgatatttGCcagTtgATTTAAT..TGTGTAG|ACATgATcTcTTTTCACAG|Caacagccaagcagcattttcaag
D. mel         cgttgtaccGCagcTgaATTTAATcgTGTGTAG|ACAT.ATtTtTTTTCACAG|Cccagaaagaagcagccaccatta
proximal              distal
EXON L3 5´ SPLICE SITE
CC
CONSENSUS              AAAG|GTRAGT
D.virilis    CgCcgtcAAcgCCT|GTAAGTAAagActaga
D.mel        AcCtccaAAgcCCT|GTAAGTAAcaAgactc
Fig. 6. Conservation of
sequences at the regulated
splice sites. The virilis splice
junctions are (1) the L2 5¢
splice site, (2) the L3 3¢ splice
site, the (3) L3 5¢ splice site,
and (4) the L4 3¢ splice sites.
For comparison the sequence
of the corresponding D.
melanogaster splice junctions
are included. Homologous
nucleotides are indicated by
capital letters, while non-
homologous nucleotides are
indicated by lower case
letters. The figure also shows
the consensus sequences for
5¢ and 3¢ splice sites. 
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ibution of potential Sxl protein binding sites in the vicinity of the D.
ogaster male exons. Consensus binding sequences for Sxl protein have
cribed (Sakashita and Sakamoto, 1994; Samuels et al., l994; Singh etconserved in the virilis Sxl gene. As can be seen in Fig. 6, there
is a 13 nucleotide polypyrimidine tract located some 30
nucleotides from the 3¢ AG in both species. A sequence,
CTAAT, which matches the branch point consensus is found 5
nt upstream of the polypyrimidine tract in melanogaster.
Precisely the same sequence is found in virilis, however, as can
be seen in Fig. 6, it is displaced upstream by several nucleotides. 
The L3 3¢ splice site
The 3¢ splice site of the melanogaster male exon (L3) has three
distinguishing features. The first is the presence of two 3¢ splice
junctions. As noted above, this feature is conserved in virilis. The
second feature is the presence of several additional AG dinu-
cleotides in the male exon downstream of the
distal 3¢ splice site. Additional AG dinu-
cleotides are also found in the male exon of
virilis. The third feature is the AT8 sequence
located in between the two 3¢ splice junctions
of the male exon (see Fig. 6). This sequence
is part of the polypyrimidine tract for the
male exon 3¢ splice site. In addition, it is also
a target for the binding of Sxl protein and it
can confer sex-specific splicing regulation
when a small fragment containing the male
exon is placed in a heterologous splicing
construct (Horabin and Schedl, 1993a). As
can be seen in Fig. 6, the virilis male exon 3¢
splice site also has a polypyrimidine tract in
between the two 3¢ AGs. However, it is not
a Sxl protein binding site, but instead has the
sequence ATCTCTTTTC. Interestingly,
when the AT8 sequence in the small
fragment containing the melanogaster male
exon was changed to the virilis sequence,
this fragment was no longer able to confer
sex-specific splicing regulation in heter-
ologous context. However, when the same
change was introduced into the male exon 3¢
U9U11
U8
U
U6
D. melanogast
Sxl protein bin
D.virilis
Fig. 7. Distribution
diagram of the distr
virilis and D. melan
been previously des
al., 1995). splice site of a melanogaster Sxl splicing reporter construct that
extends from L2 through L4, sex-specific splicing was still
observed (Horabin and Schedl, 1993b). As described further
below, this difference reflects the presence of additional Sxl target
sequences in the melanogaster gene located relatively far from
the male exon splice junctions.
The L3 5¢ splice site
The melanogaster male exon 5¢ splice site is unusual in that it
has a CT dinucleotide rather than canonical AG at the exon
junction. This feature is conserved in virilis. In addition, an 11
nucleotide sequence spanning the male exon 5¢ splice site is
identical in the two species. 
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In D. melanogaster, potential Sxl protein binding sites in the
immediate vicinity of the male exon are distributed in three
groups. The first group is located in the large intron upstream
of the male exon and it consists of 4 poly(U) tracts arranged
in two separate clusters. As illustrated in the diagram in Fig.
7, the first cluster is about 240 nt upstream of the male exon
and is composed of two poly(U) tracts (of 7 and 9 nt) separated
by 5 nt. The second cluster is located about 90 nt farther
upstream, and consists of two poly(U) tracts (of 8 and 11 nt)
separated by a single C residue. The second group consists of
the poly(U) tract at the male exon 3¢ splice site. The third group
is downstream of the male exon, and it consists of 4 poly(U)
tracts arranged in two separate clusters. The first cluster is
about 260 nt from the male exon and is composed of two 7 nt
poly(U) tracts separated by two nucleotides. The second cluster
is about 60 nt further down stream, and is composed of two
poly(U) tracts (of 9 and 7 nt separated by a single A residue. 
Although the introns flanking the male exon of the D. virilis
Sxl gene show little sequence homology to the melanogaster
introns, we do find a somewhat similar arrangement of potential
Sxl protein binding sites. As can be seen in Fig. 7, there is a
single poly(U) cluster about 220 nt upstream of the male exon
which consists of three poly(U) tracts of 12, 8 and 6 nt. While
the virilis Sxl gene does not have a potential Sxl protein binding
site at the 3¢ splice site of the male exon, there is a 7 nt poly(U)
tract in the middle of the male exon itself. Downstream of the
male exon, the group of potential Sxl protein binding sites in
the virilis gene is considerably larger than in melanogaster and
consists of 14 poly(U) tracts spread over more than 0.5 kb. As
in melanogaster, the first of these poly(U) tracts is located more
than 200 bp from the 5¢ splice site of the male exon. This
poly(U) tract is part of a cluster of three closely spaced poly(U)
tracts. As indicated in Fig. 7, the remaining poly(U) tracts are
arranged as single units or as clusters. 
In vivo localization of male and female virilis SXL
protein
The in vivo interactions of Sxl protein with nascent transcripts
can be visualized directly in polytene chromosomes where
RNA processing is tightly coupled to transcription. In polytene
chromosomes from melanogaster female larvae Sxl protein is
found at a large number of sites on all four chromosomes
(Samuels et al., 1994). Of course, no antibody staining is
detected in male polytene chromosomes since Sxl protein is not
expressed in melanogaster male larvae. While we anticipated
that the distribution of Sxl protein in the polytene chromosomes
of virilis females would resemble that in melanogaster females,
it was unclear what would be found for the Sxl proteins in D.
virilis males. From the results described above, the male
proteins are expected to have the same RRM domains as the
female proteins and should be able to recognize the same
RNAs. Moreover, the whole-mount staining experiments
indicate that, like the female proteins, the male proteins are pre-
dominantly nuclear. However, the male proteins do not appear
to have autoregulatory activity as judged by the splicing pattern
of the virilis Sxl transcripts (see above). In addition, the male
proteins do not seem to be able to regulate the splicing of tran-
scripts from the virilis tra gene (O’Neil and Belote, 1992). 
To address this question, salivary gland polytene chromo-
somes prepared from sexed third instar virilis larvae werestained with Sxl antibody. Several findings are of interest. As
in melanogaster, the female virilis Sxl protein is associated
with a large number of sites on all six chromosome arms (Fig.
8A). Surprisingly, this is also true for the male virilis Sxl
protein (Fig. 8B). Moreover, the male and female-specific Sxl
proteins do not exhibit any readily apparent differences in
specificity, but instead they appear to accumulate at the same
chromosomal sites (examples are indicated with arrows in Fig.
8A,B). Additionally, a careful comparison of the staining
pattern in several polytene chromosomes from each sex failed
to reveal any site that was preferentially bound by either the
male or female protein. 
The Sxl proteins in melanogaster are thought to regulate
splicing by directly associating with target RNAs. Among the
chromosomal sites which accumulate high levels of Sxl protein
in melanogaster females is the cytogenetic locus 6F5-6 which
corresponds to the Sxl gene (Samuels et al., 1994). We
wondered whether the virilis female and/or male Sxl proteins
also accumulate at the location of the virilis Sxl gene. We first
determined the cytological position of the virilis Sxl gene. Our
in situ hybridization experiments place the virilis Sxl gene on
the X chromosome, at the cytological position 4D1-3
(according to the map of Gubenko and Evgen’ev, 1984). If the
virilis Sxl proteins share the same target specificity as the D.
melanogaster protein, this cytological locus should be stained
by Sxl antibody. As can be seen Fig. 9B, this is the case; sub-
stantial levels of Sxl protein are present at the Sxl locus. Sig-
nificantly, not only the female but also the male Sxl proteins
accumulate at this site. (Fig. 9B shows a male chromosome.)
O’Neil and Belote (1992) reported the isolation and charac-
terization of a tra homologue in virilis. Of relevance here, these
authors found that the cis-regulatory sequences which are
important for Sxl protein binding and splicing regulation in
melanogaster are remarkably well conserved in the virilis
homologue. The tra gene was mapped to 30F3-4 on chromosome
3 by in situ hybridization (O¢ Neil and Belote, 1992). Close
inspection of this chromosomal region in polytene spreads probed
with Sxl antibodies revealed one weak but clearly stained band
that coincides well with the reported position of tra in virilis (Fig.
9C). Again, both the female and male Sxl protein are found at
this site. Taken together, these findings would suggest the virilis
female and male Sxl proteins have a similar if not essentially
identical specificity in RNA binding, and that this specificity is
likely to resemble that of the melanogaster female Sxl protein. 
DISCUSSION
Unlike many other key developmental processes, the mecha-
nisms of sex determination seem to undergo rather rapid evo-
lutionary changes. One of the best understood sex-determina-
tion systems is in the fruit fly D. melanogaster where many of
the genes involved in sex determination have been identified
and a great deal is known about how they function. We
wondered whether the sex-determination system of D.
melanogaster is conserved in other species in the genus
Drosophila. We have focused on the Sxl gene. This gene plays
a pivotal role in the sex-determination system of D.
melanogaster, functioning as the master regulatory switch
during most of development. Perhaps the most critical feature
of the Sxl gene in this species is its binary activity state; it is
on in females and off in males. Throughout most of develop-
980 D. Bopp and othersment this on-off regulation is posttranscriptional and functional
Sxl protein is only made in females. If the system used for sex
determination in D. melanogaster is conserved in other species
of the Drosophila genus, then the Sxl gene is these species
should display the same sex-specific on-off regulation. Thus
the first objective of our studies was to determine whether Sxl-
like proteins are found in other drosophilids and, if so, whether
the expression of these proteins is sex specific. 
The Sxl protein profile in the sibling species D. simulans is
most similar to that observed in D. melanogaster. There are
two major Sxl proteins in D. simulans and these appear to be
the same size as the proteins found in D. melanogaster. As in
D. melanogaster, expression of these proteins is sex specific.
This sex-specific expression of the Sxl proteins is first evident
in pre-cellular blastoderm embryos and it is maintained during
the remainder of development. Further evidence that the regu-
lation of the Sxl gene of D. simulans is likely to involve mech-Fig. 8. Male and female SXL protein bind to the same chromosomal
sites in D. virilis. Climbing D. virilis larvae were sexed by virtue of
the different size of their gonads. Polytene chromosomes were then
prepared as described by Amero et al. (1992) and stained with 1:5
anti-Sxl monoclonal antibody mSXL104 (Samuels et al., 1994).
Female (A) and male (B) polytene chromosomes display a large
number of stained bands. The same bands are reproducibly observed
in different chromosomes. A careful comparison indicates that the
Sxl proteins in the two sexes associate with the same set of bands in
polytene chromosomes. This is illustrated for some of the strongly
stained sites on chromosomes 4 and 5 (indicated with letters).
Chromosomal positions of these sites according to the map of
Gubenko and Evgen¢ ev (1984) a, 51C; b, 53B; c, 53D; d, 58D and
58F; e, 41D; f, 43F; g,48B and 48C. SXL protein binding is detected
with standard DAB labeling reaction (brown) and chromosomes are
counter stained with Giemsa (blue).anisms quite similar to those used in D. melanogaster comes
from an analysis of Sxl protein accumulation in off-spring
produced from crosses between these two species. We find that
Sxl protein is expressed in only half of the embryos (data not
shown). This findings suggests that Sxl is properly regulated
even in a hybrid system which contains a heterogeneous
mixture of cis and trans-regulatory factors from D.
melanogaster and D. simulans. 
Although we surveyed only a few other drosophilids, our
results would suggest that the system used for sex determina-
tion in D. melanogaster, and its close relative D. simulans, is
largely conserved within the genus. All of the species we
examined appear to have a Sxl gene, and they express proteins
that cross-react with antibodies directed against the Sxl-proteins
of D. melanogaster. As in D. melanogaster, the Sxl proteins in
both D. pseudoobscura and D. robusta are only found in
females. D. virilis as well as other species in the virilis radiation
are unusual in that Sxl proteins are found not only in females
but also in males; however, as detailed further below, molecular
analysis of the D. virilis Sxl gene indicates that it is subject to
a posttranscriptional ‘on/off ’ regulation remarkably like that
found in D. melanogaster. Thus we would conclude that the
system used for sex determination in D. melanogaster must
have existed prior to the time when the subgenera Drosophila
and Sophophora diverged, or for at least 60 million years. 
While a sex-determination system that employs the Sxl gene
as a master-regulatory switch is likely to be widespread in
drosophilids, it is not at all clear that this gene plays a similar
role in other more distant diptera. For example, although Sxl-Fig. 9. SXL protein binding to the chromosomal sites of Sxl and tra
in D. virilis. (A) Localization of the Sxl gene by in situ hybridization.
virilis polytene chromosomes were hybridized with biotinylated
VSX19 phage DNA. One unique site of hybridization was observed
in the distal region of the X chromosome at band 4D1-3. When
polytene chromosomes are probed with Sxl antibody, Sxl protein is
found to accumulate at the cytological location of the Sxl gene at
4D1-3 (arrow in B) and at the site of the tra gene (arrow in C) at
30F3-4 (O¢ Neil and Belote, 1992). The same pattern of accumulation
was observed in polytene chromosomes from both female and male
larva. 
981Sex-lethal in D. virilislike proteins can be readily detected in the house fly Musca
domestica, precisely the same proteins appear to be present in
both male and female animals. Moreover, no sex-specific dif-
ferences in the expression of these proteins can be detected (D.
B., unpublished data). Thus, it is quite possible that the Sxl
gene in Musca does not play a critical role in the sex-determi-
nation process. 
The Sxl gene in D. virilis
Species in the D. virilis radiation differ from the other
drosophilids in that Sxl proteins are found not only in females
but also in males. The presence of Sxl proteins in males would
seem to be inconsistent with the sex-specific regulation of the
Sxl gene, and could mean that the sex-determination system in
the virilis group may be fundamentally different from that of
other drosophilids. However, this does not seem to be the case.
Our molecular analysis of the D. virilis Sxl gene would argue
that the gene is ‘on’ only in females while it is ‘off’ in males
and that the mechanisms involved in this on/off regulation are
very much like those used in D. melanogaster. These conclu-
sions are supported by a number of lines of evidence. 
The most compelling comes from an analysis of the Sxl tran-
scripts. Despite the presence of male Sxl-like proteins, the D.
virilis Sxl RNAs are differentially processed in each sex; in males
the Sxl RNAs are spliced to include the male specific 3rd exon
(spliced L2-L3-L4), while the male exon is excluded from the Sxl
RNAs in females (spliced L2:L4). The D. virilis male exon has
in frame translation stop codons that would prematurely truncate
an open reading frame which begins at an AUG codon in exon
L2. By contrast, in females the RNAs from females has an intact
open reading that extends uninterrupted into the L4 exon. It is
precisely these two properties of the Sxl mRNAs – sex-specific
splicing and the presence of stop codons in the male exon – that
accounts for the on/off regulation of the D. melanogaster Sxl gene
during much of development. Many other features of the D.
melanogaster gene also appear to be conserved in D. virilis and
some of these are discussed further below. 
Functional properties of the D. virilis female Sxl
proteins
The available data suggest that the sequence specificity in RNA
binding and the regulatory activities of the D. virilis female Sxl
proteins should be essentially the same as the D. melanogaster
female proteins. DNA sequencing studies currently underway
indicate that the Sxl proteins encoded by the D. virilis gene are
very similar to the D. melanogaster proteins with the highest
degree of homology detected thus far in the RRM domains (G.
Calhoun, unpublished results). This conservation of the RRM
domains would be consistent with the use of similar cis-acting
target sequences in the D. virilis tra and Sxl genes. Female-
specific processing of tra RNAs in D. melanogaster depends
upon Sxl binding sites in the polypyrimidine tract of the default
3¢ splice site. This 3¢ splice site including the binding sequence
for the Sxl protein is conserved in the D. virilis tra gene (O’Neil
and Belote, 1992). Sxl autoregulation in D. melanogaster
depends upon Sxl binding sites arranged in several clusters in
the introns flanking the male exon. While the sequence of these
two introns is not well conserved in D. virilis, there are many
potential binding sites for Sxl protein particularly in the more
critical downstream intron. The large concentration of potential
Sxl protein binding sites downstream of the D. virilis male exonis consistent with previous functional studies on the cis-acting
elements required for the efficient splicing regulation of Sxl
transcripts in D. melanogaster (Horabin and Schedl, 1993a,b).
These studies indicated that the group of Sxl protein binding
sites downstream of the male exon are the most critical for
autoregulation, while the upstream group appeared to play a less
important role. They also suggested that suboptimal splice sites
may play an important role in ensuring fidelity in both the
default (male) and regulated (female) splicing of the Sxl tran-
scripts. Significantly, the sub-optimal splices of exons L2, L3
and L4 are also conserved in the D. virilis gene. The conserva-
tion of all of these features makes it reasonable to conclude that
the female specific processing of the D. virilis tra and Sxl
mRNAs is most likely due to the regulatory activities of Sxl
protein bound to the respective pre-mRNAs. This conclusion is
strongly support by the finding that female Sxl proteins accu-
mulate in vivo at the cytogenetic locations of the D. virilis tra
and Sxl genes. 
Functional properties of the D. virlis male proteins
Since the male proteins are predicted to contain the same RRM
domains as the female proteins, one might expect that they would
have a similar if not identical sequence specificity. Indeed this is
the probably the case; the male proteins bind to the same cyto-
genetic loci in polytene chromosomes as the female proteins.
Moreover, included among these common in vivo targets are the
D. virilis tra and Sxl genes. While the male and female proteins
appear to have a similar sequence specificity, it would appear that
the proteins do not have equivalent regulatory properties. The
splicing patterns of the tra (O’Neil and Belote, 1992) and Sxl
transcripts in males would argue that the male proteins lack the
regulatory activities of the female proteins. This would suggest
that the N terminus must play a critical role in Sxl protein
function. This suggestion is consistent with recent studies of
Wang and Bell (1994) which demonstrated that the N-terminal
38 amino acids of the D. melanogaster Sxl protein are essential
for wild-type function. Our results would also argue that the
binding of Sxl protein to target RNAs is not in itself sufficient to
ensure splicing regulation (cf., the model for tra splicing in
Valcárcel et al., 1993) and that other interactions are required,
perhaps mediated by the N terminus of the female proteins. While
the male proteins do not seem to be capable of controlling the
splicing of the Sxl or tra pre-mRNAs, we cannot exclude the pos-
sibility that they have other activities. For example, their prefer-
ential accumulation in the embryonic neuroectoderm could
reflect some special role in CNS development. Alternatively, the
male proteins may be expressed in the neuroectoderm because of
some features of the translational machinery in this particular
tissue which allows the ribosome to scan past the AUG codon in
L2 and instead use the AUG codon in the male exon. An
analogous tissue-specific leaky scanning mechanism appears to
be responsible for the expression of low levels of truncated Sxl
polypeptides in D. melanogaster (Bopp et al., 199l). 
Although the striking parallels with D. melanogaster are
compelling, a conclusive demonstration that the D. virilis Sxl
gene functions as the master regulatory switch in the sex deter-
mination pathway of this species must await genetic analysis.
Several mutations which affect D.virilis sex determination
have been isolated (Lebedeff, 1934, 1938, 1939; Newby, 1942;
Price, 1949), however, none of them map to the location of Sxl
on the X chromosome. The isolation of mutations in the D.
982 D. Bopp and othersvirilis Sxl gene might also help resolve questions about the
possible biological function of the male protein. 
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